This research investigated the toxicity effects of cadmium chloride (0, 100, 200 and 300 μM) and its interactive effects with methyl jasmonate (MeJA) (0, 0.01 and 0.1 mM) on growth parameters, cadmium (Cd) accumulation, and Allene-Oxide Cyclase (AOC) gene expression in wheat seedling (Sivand cultivar). According to the results, Cd at concentrations of 200 μM and 300 μM reduced the growth traits of the wheat. Under exposure to 300 μM Cd, root and shoot cadmium content was 30 and 17 times greater than the base level, respectively. Under 100 μM Cd exposures, bioaccumulation factor (BCF) for root and shoot increased by 46 and 25 times respectively. The spraying of MeJA on Cd-stressed plants showed a positive effect on growth parameters, increasing them by 10-40%. The treatment with 0.01 mM jasmonate decreased the accumulation of cadmium in root and shoot by about 30%. The same amount of decrease was observed in BCF after the jasmonate treatment of the specimens exposed to Cd. But application of 0.1 MeJA increased the BCF in most Cd concentrations. Under exposure to 200 μM Cd, AOC expression showed an approximately three fold increase. The use of 0.1 mM MeJA also resulted in a fourfold increase in AOC gene expression. It can conclude that MeJA showed a substantial impact on Cd accumulation and AOC gene expression in wheat seedling.
Introduction
With the progress and growth of industrial activities, the environmental damage caused by the accumulation of metals and semimetals has become a threat to the life of plants and animals. Metals with a density of more than 5 g-cm-3 are known as heavy metals. Of the 90 naturally abundant elements, 53 are heavy metals, and depending on their solubility in physiological conditions, 17 of these elements may contaminate the living cells (Hasan et al., 2009 ). Some of these metals like zinc, mercury, copper, arsenic, lead, and Cd, are persistent elements and can undergo significant bioaccumulation. Among the heavy metals, Cd is known for its widespread industrial use as well as the dangers of its high accumulation to human health. Plants account for about 70% of Cd intake in humans (Ouzounidou et al., 1997) . Cd concentration ranges from 0.04 mM to 0.32 mM in non-contaminated soils, and from 0.32 to 1 mM in contaminated soil (Gubrelay et al., 2013) . Cd in the soil-root system has a relatively high ability to transport and inhibits the growth of roots and aerial organs. It also has an antagonistic effect on the absorption of some mineral elements that leading to a lack of essential elements inside the plant (Nazar et al., 2012) . Research conducted on soybean (Perez Chaca et al., 2014) , wheat (Alayat et al., 2014) , lettuce (Dias et al., 2013) , sorghum (Da-lin et al., 2011) , pea (Bavi et al., 2011 ) and many other plants has shown that Cd toxicity is associated with reduced plant growth, reduced water content, oxidative stress, and reduced mineral absorption and had damaging effects on the photosynthesis mechanism and carbohydrate assimilation.
When plants are subjected to Cd stress, a variety of reactive oxygen species (ROS) are generated. These ROS are toxic to living organisms unless removed rapidly, destroyed or inactivated by various cellular components. In the absence of effective mechanisms that remove or scavenge free radicals, they can seriously damage plant by lipid per-oxidation, protein degradation, breaking of DNA and cell death (Thian and Li, 2006) .
It has been proven that when subjected to heavy metal stress, plants adjust their internal hormones to adapt to situations. Abiotic stress stimulates the internal jasmonate in plants (Chen et al., 2014) . Many studies have shown that treatment with MeJA eliminates oxidative stress in plants. MeJA can affect tissue resistance to biotic and abiotic stresses by enhancing antioxidant systems and their ability to purify free radicals. Under Cd stress, jasmonates activate the genes involved in the signal transduction pathway for Cd and regulate the glutathione increase and phytochelatin accumulation (Dar et al., 2015) . MeJA treatment of rice seedlings under Cd stress has been found to increases the activity of lipoxygenase,and reduced Cd accumulation in roots and leaves (Singh and Shah, 2014) .
When MeJA was used at the concentration of 0.01 mM in Soyabean, it reduces the Cd damage by 30% and 20% caused to shoot dry weight and to the total chlorophyll content. Similar results have been obtained in Arabidopsis thalina when MeJA was used at the concentration of 0.01 and 0.1 mM to deal with the Cd stress (Maksymiek and Krupa, 2006) . In Capsicum frutescens seedlings 0.1 μmol L −1 MeJA mitigates the Cd damage by improving the chlorophyll content and activities of antioxidant enzymes (Yan et al., 2013) . MeJA (0.1 to 1 μmol L−1-) protects Kandelia obovata seedlings against Cd stress by discouraging Cd uptake/translocation to leaves and increasing the concentration of ascorbic acid and the activities of antioxidant enzymes (Chen et al., 2014) . It has also been reported that MeJA provide tolerance to Arabidopsis thaliana plants against Cd stress by the accumulation of phytochelatins (PCs) (Maksymiec et al., 2005) .
Both Cd and MeJA stimulate increase in ROS accumulation in their action and even involvement of MeJA in Cd-induced ROS increase (Maksymiec and Krupa, 2006 ). An essential step in the jasmonic acid (JA) biosynthesis is catalyzed by the allene-oxide cyclase (AOC). AOC (EC: 3.5.99.6) is responsible for cyclization of unstable allene-oxide into the stable 12-oxo-(10,15Z)-phytodienoic acid (OPDA), which is the precursor to JA synthesis. This is an essential step in jasmonate biosynthesis. The expression of AOC genes increased temporarily after wounding or JA treatment (Stenzel et al., 2003) . It reported that AOC gene expression is also associated with improved copper tolerance in cotton. In Arabidopsis plants, GhAOC1 overexpression has been found to be associated with higher survival rate, higher fresh and dry weight of the shoot, improved photosynthetic efficiency and reduced cell membrane damage and lipid peroxidation under copper-induced stress (Wang et al., 2015) . In two species of transgenic wheat and Arabidopsis, the TaAOC1 gene has been found to be associated with increased salinity tolerance and jasmonate accumulation (Zhao et al., 2014) .
Characterization of these genes from different research has provided valuable information about their physiological and biochemical roles in adaptation to a variety of stresses. GmAOC5 in transgenic tobaccos showed enhanced tolerance to oxidative stresses, while in GmAOC1-expressing transgenic lines observed enhanced salinity stress tolerance (Wu et al., 2011) . As one of the most important crops, wheat suffers from various environmental stresses, such as drought, salinization, and heavy metals. Understanding the molecular basis of stress responses is accordingly a key target of wheat genetic improvement programs. The aim of present study was to examine the role of MeJA on growth parameters, AOC gene expression, and Cd accumulation in shoots and roots of the wheat seedling under Cd accumulation.
Material and Methods

Plant cultivation and treatment
Wheat seeds of Sivand cultivar were obtained from Neyshabur Agricultural Research Center. The seeds were sterilized with 5% sodium hypochlorite solution for 10 minutes and then washed with distilled water three times and planted, filled with sterile soil and perlit. So that ultimately each pot contained 20 seeds. Initial irrigation was performed with distilled water. After germination, irrigation was continued with Hoagland's nutrient solution and the specimens were transferred to a growth chamber with 23/18°C temperature and a 16 h light/8 h dark photoperiod, with a relative humidity of 70%. Once the plant reached 2-3 leaf stage, Cd treatment was performed by adding 150mL CdCl2 solution to Hoagland at concentrations of (0, 100, 200, 300 µM). At the same time, leaves were sprayed with 100mL MeJA solution at concentrations of (0, 0.01, 0.1mM). In control plants, leaves were sprayed with water. Hormonal and Cd treatments were applied every other day for two weeks. Then, samples were harvested and their morphological traits were measured. For further measurements, samples were stored in -70°C.
Trait measurements
Growth traits -To measure morphological parameters (length, fresh weight, and dry weight of root and stem), three samples were taken from each replicate. Root length, stem length and fresh weight of the sample were measured immediately after harvest. Dry weight was measured after drying roots and stems in an oven at 60 °C for 48 hours. Both weights were measured using a scale with a precision of 0.001 g.
Cd uptake, transfer, and bioaccumulation in root and shoot
-To determine the Cd content of the root and aerial part, samples were placed in oven at 70 °C for 24 hours. Then a 0.5 g of the leaf tissue and a 0.2 g of the root sample were extracted and placed in 10ml of nitric acid. The samples were kept in acid for a week to reach full tissue decomposition and then filtered by filter paper. After bringing the solution to a volume of 50 ml, it was scanned by an Atomic Absorption Spectrometer (VARIAN AA240, AGILENT, USA) to determine the Cd content based on sample absorption. Standard concentrations were used to draw a standard curve and estimate unknown concentrations.
Bioaccumulation factor (BCF) and transfer factor (TF), which represent the ability of the plant to tolerate and accumulate heavy metals in its organs, were determined by calculating the ratio of Cd concentration in the plant to metal content of the soil and the ratio of metal concentration in the aerial organ to metal content of the underground organ.
Molecular assays
RNA exctraction and first strand cDNA synthesis -The design of primers of the Actin (internal control) gene and AOC gene with the access code KF039887.1 in the wheat plant was carried out in accordance with the primer design standards and with the assistance of Oligo software (ver 7.59) ( Table 1) .
From each sample, 100 mg of leaf tissue was ground in a porcelain mortar with liquid nitrogen. RNA extraction was performed using the column-based method and commercial extraction kit (Denazist). For quantitative and qualitative evaluation of extraction, samples of extracted RNA were subjected to gel electrophoresis. Absorbance of RNA concentration was determined by at 260 nm with a NanoDrop spectrophotometer (WPA-biowave II) and it's intensify was visualized on 1% agarose gel. Approximately, 2µg of total RNAs was treated with RNase-free DNase (Fermentas) and first strand of cDNA was synthesized by using of M-MULV reverse transcriptase kit (Thermo Scientific) and primers of oligo (dT) according to manufacturer's instructions. The rest of the procedure was carried out as instructed in the kit manual.
Real-time PCR analysis
-Then, the AOC gene expression was examined using the Real-time PCR with target gene primers, actin primers, and cDNA samples and amplification of their fragments. The actin gene was used as the control. At this stage, gene fragment amplification reaction was carried out using the Maxima SYBR Green kit (Thermo Scientific) and the StepOne Applied Biosystems (ABI) instrument.
For Real-time PCR following program was used: 15 min in 95 °C, denaturation process for 15 S, annealing and extension for 30 S at 57 °C for 40 cycles. For checking of the amplified product melt curve analysis was performed. Actin as the housekeeping gene for calculating of relative transcript levels was chosen. Transcription was determined by amplifying three genes in duplicates for each treatment. For determination of relative gene induction levels, the ΔCT method was used (Livak and Schmittgen, 2001 ). Analysis of variance was carried out at 95% confidence interval and means were compared by LSDtest. The standard charts and curves were drawn using Excel software.
Results and Discussion
Plant growth parameters
-Cd treatments at 200 μM and 300 μM reduced most growth parameters. MeJA treatment, especially at a concentration of 0.01 mM, had a positive impact on growth traits. Cd treatment had no significant impact on shoot length. However, as the Cd concentration increased, the root length slightly decreased. Under Cd stress, MeJA treatment increased the root length by about 10% (compared to control) (Figure 1 ). The fresh weights of both root and shoot were also reduced by Cd. Under exposure to 200 μM Cd, treatment with 0.01 mM MeJA increased the fresh weight of the root by about 28%. Under exposure to 300 μM Cd, the same concentration of MeJA increased the fresh weight of the shoot by about 20% (Figure 2) . The greatest effect of MeJA treatment on the dry weight of root and shoot was observed in the samples exposed to Cd at a concentration of 300 μM. In these cases, 0.01 mM MeJA increased the dry weight of root and stem by 32% and 42%, respectively (Figure 3) . 
Cd accumulation
-As the Cd concentration increased, so did its accumulation in roots and stems. The Cd content of the root was found to be about 2.5 times the amount measured in the shoot. Examination of the results of hormonal treatment showed that MeJA with a concentration of 0.01 mM reduced the Cd accumulation in root and shoot by 30%, but higher concentrations of this hormone (0.1 mM) increased the Cd content of both shoot and root by 11-12% (Figure 4) .
The highest Cd bioaccumulation in root and shoot was observed under exposure to the Cd at a concentration of 20 mg l -1 (100 μM) and was about 46 and 25 times greater than the normal level respectively. However, with further increase in Cd concentration, its bioaccumulation in both organs decreased so that under the Cd concentration of 60 mg l -1 (300 μM), it reached to approximately 38 and 18 times greater than the normal level respectively (Figure 4) .
The effect of MeJA alone on Cd bioaccumulation was not significant; but analysis of its interaction with Cd showed that in 20 mg l -1 Cd treatment (100 µM), 0.01 mM MeJA decreased the BCF in root by more than 30%, whereas 0.1 mM MeJA increased BCF by about 13%.
On the contrary, at 20 mg l Cd concentrations in shoot, application of 0.01 mM MeJA increased BCF in shoot by 41%, but reduced it at higher concentrations of Cd, whereas application of 0.1 mM MeJA at higher concentration of Cd in shoot increased this parameter by 10%-30% ( Figure 5 ).
-At all concentrations, transfer factor (TF) was less than 1 which indicates that most Cd accumulation remains in the root.
-It was verified that the transfer factor (TF) was affected by various concentrations of Cd and its interactions by MeJA. With increasing Cd concentration, the transfer rate from root to stem has decreased than the control. This decrease was 25% at a concentration of 20 mg l -1 and at higher levels of Cd (40 and 60 mg l -1 ) were 37% and 42% respectively ( Figure  6 ). 
Molecular assay
-AOC gene expression increased with the increase in Cd concentration. Ultimately, at 300 μM Cd concentration, AOC gene expression became 2.6 fold greater than its base value at 0 Cd concentrations (control plant). Analysis of interactions showed that Cd at a concentration of 200 μM and MeJA at a concentration of 0.1 mM both had a significant impact on the expression of this gene and increased it by 4.6 fold ( Figure 7) . AM is a strategy for detecting QTLs in which biparental crosses and screening generations of progeny are not necessary. Evaluation of associations between genotypes and phenotypes using AM based on statistical models approves the technique to any set of germplasm to detect QTLs for various traits (Roy et al., 2010) . The charts showed the reduced growth parameters of wheat seedling under the stress induced by Cd at concentrations of 100 μM, 200 μM, and especially 300 μM. In our study, Cd stress reduced the root length but did not have a significant effect on shoot length. These results are expected, because Cd first gathers in the root, and the root remains the primary point of Cd accumulation (De Maria et al., 2013) . On the other hand, Cd reduces the mitosis division in the root apical meristem. In addition, the negative effect of Cd on root growth can be partly due to an increase in the amount of ABA in root. Moreover, inhibition of root growth under Cd stress reduces the water and minerals absorption, thereby inhibiting the plant's metabolism (Perez Chaca et al., 2014) . Chlorophyll degradation, enzyme deactivation, water and mineral deficiency, and decomposition of the membrane lipid structure are among the important factors that undermine plant metabolism and inhibit plant growth under Cd-induced stress.
Heavy metals can disrupt the photosynthetic electron transport chain, leading to superoxide and singlet oxygen formation, and thereby indirectly contribute to the ROS generation and creation of oxidative stress (Benavides et al., 2005) . ROS accelerate lipid peroxidation and thus affect membrane fluidity and permeability by changing the composition of membrane lipids (Azevedo et al., 2012) . Cd can also replace magnesium ions in chlorophyll molecules, thereby causing chlorophyll instability and degradation (Kupper and Andresen, 2016) .
In the analysis of exclusive effects of MeJA, it was found that although all Cd-stressed samples had lower growth parameters than control samples, MeJA treatment still had significant positive impact on growth traits of the plants under Cd stress. The negative impact of MeJA on growth under normal conditions (without Cd-induced stress) can be attributed to the jasmonate's stimulation of auxin production in the root.
Jasmonate isoleucine sprays anthranilate synthase-1 (ASA1) in the auxin biosynthesis pathway, thereby inhibiting the root growth. MeJA also inhibits the expression of genes encoding the PLETHORA transcription factors (PLT1), which induce meristemic activity in the root (Wasternack and Hause, 2013) . In a research on rice seedling, it was observed that MeJA alone had a slightly negative effect on growth traits, but in the presence of Cd stress, the use of MeJA led to significant changes in the activity of antioxidant enzymes and glutathione reductase levels (Singh and Shah, 2014) .
In a study conducted by Yoon et al. (2009) , the use of 20 μM and 30 μM MeJA reduced the damaging effects of salinity on growth traits and increased the levels of some plant regulators. In salt stressed soybean plants, spraying of MeJA decreased the effects of stress on growth traits. These effects of MeJA on growth may be due to the role of this hormone in membrane stabilization under stress conditions (Sheteawi, 2007) .
In the present research, Cd treatment led to the accumulation of this heavy metal in both stem and root, but especially in the latter.
Researches has shown that roots are the primary point of heavy metals accumulation (De Maria et al. 2013 ) and the next most critical organs in this regard are the shoot, leaves, fruits, and seeds in that order (Benavides et al., 2005) . Root secretions or the presence of nitrogen can acidify the soil environment, thereby increasing the dissolution of metal ions in the soil. The solubility of heavy metals is also affected by soil pH. The secretions of microbes around the root also affect the heavy metal absorption or chelation (Wang et al., 2017) .
In this research, bioaccumulation factor (BCF) in root and stem (i.e., the ratio of Cd concentration in each organ to Cd concentration in the soil), decreased with the increase of applied Cd concentration. The results show that BCF is less than 1, indicating that Cd accumulation in the plant is less than that in the soil. In this case, it can be said that the plant can absorb the heavy metal, but cannot accumulate it (Liu et al., 2009 ). According to the results, the transfer factor (TF) is also less than 1, indicating that Cd content is higher in the root than in the stem. Past researches on the heavy metal accumulation in wheat has shown that Cd uptake was more than other heavy metals, and Cd accumulation reduced in the following order: root> shoot> seed (Wang et al., 2010; Liu et al., 2009) .
In plants with a transfer factor higher than 1, plants can be used to refine heavy metal from the soil. This case was observed in Aeluropus littoralis. This plant has bio-accumulation and transfer factor of more than 1 in the presence of Cd, while for lead these parameters were less than 1 (Rezvani and Zaefarian, 2011) .
Our research showed that BCF and TF are highest under exposure to Cd with a concentration of 100 μM (20 mg/L) and higher Cd concentrations lead to lower BCF and TF (i.e. decreasing Cd concentration in the tissues compared to the soil). This could be due to the activation of intracellular Cd stress inhibiting mechanisms at Cd concentrations of more than 100 μM. The tolerance mechanism against Cd accumulation, is storing Cd by binding it to amino acids, proteins and peptides (e.g. binding to phytochelatins and
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According to our results, MeJA had a dual effect on Cd accumulation in root and stem. At a concentration of 0.01 mM, MeJA had a decreasing effect on the accumulation of 200 μM and 300 μM Cd, but at higher MeJA concentration (0.1 mM) this hormone increased the accumulation of Cd. While low concentrations of MeJA can enhance the plant tolerance to stress, high concentrations of MeJA inhibit growth and photosynthesis and accelerate aging (Yan et al., 2015) .
On the other hands, MeJA activate the genes involved in the Cd signaling pathway and upregulate the glutathione and accumulate phytochelatin, thereby decreasing the intracellular Cd concentration and its toxic effects (Dar et al., 2015) .
In a research on the effect of this hormone on the regulation of Cd accumulation and antioxidant capacity of Solanum nigrum L., which has a significantly high Cd accumulation capability, the use of 0.01 μM MeJA alongside Cd, as opposed to the use of Cd alone, greatly increased the Cd transfer and accumulation in both root and stem (Yan et al., 2015) . The use of MeJA in Kandelia obovata seedling inhibited the Cd absorption in the stem, and thereby reduced the damage to the photosynthetic system. This decrease in absorption may be due to the effect of exogenous MeJA on the closure of stomata and the reduction of transpiration (Chen et al., 2014) .
Past research on signal transduction suggests the involvement of MeJA in the process of heavy metal detoxification. This suggests that heavy metal stress may induce jasmonate synthesis, and therefore, this hormone may act as a stimulant for toxicity signs through changes in gene expressions (Mishra and Dubey, 2006) . Because of AOC is key enzyme in MeJA biosynthesis, after treatment of plant with MeJA, led to induction of their biosynthesis pathway. In the present study, MeJA increased AOC gene expression, and its peak effectiveness in this respect was observed under exposure to 200 μM Cd.
It was reported that the expression of the JA biosynthesis pathway genes could be induced by different treatments such as JA. Moreover, MeJA can induce expression of the genes encoding enzymes specific for JA biosynthesis in various plant species (Browse, 2009) . Some research was reported that MeJA can induce the expression of AOC, suggesting that the exogenous MeJA may affect the JA biosynthesis in tea plant. Result of our study is agreement with finding of Singh and Shah, who have indicated that the exogenousMeJA alleviated cadmium-induced oxidative injury through JA pathways (Singh and Shah, 2014) . It was reported that dynamic expression patterns of AOC were affected by MeJA and CuCl2, suggesting that AOCs are involved in the crosstalk of the environmental stress response in cotton. The similar results of our study were observed under CuCl2 stress plant. It reported that AOCs were upregulated by MeJA and suggests that the induction of AOC gene by CuCl2-induced stress is associated with the MeJA-mediated signaling pathway (Creelman and Mullet, 1997) .
Researches on Arabidopsis suggested that the higher tolerance to Cd stresses which observed in AOCoverexpressing was the result of the increased expression levels of these genes.
In Arabidopsis plants, four genes encode four functional AOC polypeptides, AOC1, AOC2, AOC3, and AOC4. A research on mutants has shown that all types of AOCs can interact with each other. This suggests the existence of a mechanism for temporal and spatial regulation of JA formation by differential expression of AOC polypeptides (Stenzel et al., 2012) . Schaller et al. (2008) reported that all four types of isoenzymes can be involved in MeJA biosynthesis and are positioned alongside allene-oxide-synthase in the chloroplast.
In another research, GhAOC1 overexpression in Arabidopsis plants under copper stress increased their photosynthetic efficiency, survival rate, and fresh and dry weight of the stem (compared to control) and reduced the damage to the cell membrane and lipid peroxidation. The Real-time PCR analysis showed that in linseed, GhAOC transcripts are widely expressed in roots and regulated under MeJAand CuCl2 stress (Wang et al., 2015 ). Research's has shown that MeJA synthesis is triggered through positive feedback, as genes that encode jasmonate synthesis are JA-inducible and jasmonate increases their expression.
Conclusions
In summary, this study identified and characterized AOC genes from wheat in Cd and MeJA treatment. AOC were expressed and significantly upregulated by MeJA and CuCl2 treatments.
It seems multiple pathways are involved in tolerance to Cd accumulation. It concluded that after MeJA treatment in plant under Cd stress, AOC gene as a key enzyme in the biosynthesis of MeJA increase. Overexpression of AOC led to increased expression of JA signaling genes and significantly higher fresh and dry weight, Cd accumulation, TF and BCF under Cd stress. AOC may prove to be a useful gene for molecular breeding of important crops to improve Cd stress tolerance. In conclusion, it appears that given the wide range of MeJA activities, this enzyme can be effective in controlling specific growth processes and enhancing plant stress tolerance. Therefor with
